We have studied the hydrophobic water/octadecyltrichlorosilane (OTS) interface by using the phase-sensitive sum-frequency vibrational spectroscopy (PS-SFVS), and we obtained detailed structural information of the interface at the molecular level. Excess ions emerging at the interface were detected by changes of the surface vibrational spectrum induced by the surface field created by the excess ions. Both hydronium (H 3O ؉ ) and hydroxide (OH ؊ ) ions were found to adsorb at the interface, and so did other negative ions such as Cl ؊ . By varying the ion concentrations in the bulk water, their adsorption isotherms were measured. It was seen that among the three, OH ؊ has the highest adsorption energy, and H 3O ؉ has the lowest; OH ؊ also has the highest saturation coverage, and Cl ؊ has the lowest. The result shows that even the neat water/OTS interface is not neutral, but charged with OH ؊ ions. The result also explains the surprising observation that the isoelectric point appeared at ϳ3.0 when HCl was used to decrease the pH starting from neat water.
H
ydrophobicity is a well-known phenomenon (1) . It plays a crucial role in many chemical, biological, and environmental processes. Yet, despite extensive research over the years, our understanding at the molecular level is still limited. The lack of hydrogen bonding between water molecules and a substance often defines a hydrophobic interface. It is supported by the existence of the dangling OH bonds at the interface (2, 3) . The interfacial water structure is believed to be similar to that of the water/vapor interface, which is also deemed hydrophobic, except for the weak van der Waals interaction between water and the substance. There are quite a few theoretical studies on hydrophobic interfacial water structure (1, (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , but not enough experimental work to test the theories.
Recently, attention has been drawn to the question of whether a depleted water layer exists between water and the hydrophobic substrate (1, (19) (20) (21) . Free energy argument suggested the existence of such a layer under the ambient condition, with a layer width that decreases with increase of the van der Waals interaction between water and the substrate (1, 7). There were reports on the observation of nanobubbles at hydrophobic interfaces by atomic force microscopy imaging (22) (23) (24) , but they were not confirmed by others (25) (26) (27) . Neutron reflection measurements revealed the presence of a layer of reduced water density at a hydrophobic silane/water interface that depends on the dissolved gas in the water (28) (29) (30) . Removal of the dissolved gas decreases the width of the layer. Recent observation of an electron depletion layer of 1-6 Å by X-ray reflection at such an interface also suggested the presence of a corresponding water depletion layer at the interface (25) (26) (27) . However, the interpretation was questioned by Galli and coworkers (14) and Ocko et al. (31) . The latter noted that the preferred polar alignment of C-H and O-H bonds at the interface can create an electron depletion layer seen in the X-ray study even if the molecular density at the interface is the same as in the bulk. A more recent X-ray reflection measurement on hydrophobic water/liquid interfaces also concluded that the assumption of an air gap at the interface is inconsistent with their result (32) .
Besides those mentioned above, experimental studies of buried hydrophobic material/water interfaces at the molecular level are rather limited. The only techniques that can provide spectroscopic information, and hence the molecular-level structural information, about buried liquid interfaces are those based on second-order nonlinear optical effects because of their high surface specificity dictated by symmetry (33, 34) . Sum-frequency vibrational spectroscopy (SFVS), in particular, can yield the much desired vibrational spectra of a liquid interface that directly reflect the structure of the interface (33) . It was first used to probe the hydrophobic interfaces of water with octadecyltrichlorosilane [OTS, CH 3 (CH 2 ) 17 SiCl 3 ]-covered solid and hexane liquid by Du et al. (2) , and later water with CCl 4 and other hydrophobic liquids by Richmond and coworkers (3, 35, 36) . The observed OH stretch spectra qualitatively resembled that of the water/vapor interface, showing the presence of a dangling OH peak and a broad band with seemingly two components often labeled as the ''liquid-like'' and the ''ice-like'' bands, suggesting that the interfacial water structures of these interfaces were similar. The dangling OH peak in the water/OTS case appears to be red-shifted by ϳ20 cm Ϫ1 compared with that of the water/vapor interface. It is presumably caused by van der Waals interaction between water molecules and hydrocarbon chains of OTS (11) . The relative strength of the ice-like band versus the liquid-like band appears higher for water/hydrophobic solid interfaces than those for water/vapor and water/ hydrophobic liquid interfaces. It was interpreted as caused by better ordering of the interfacial water structure induced by the rigid wall in the former case (2) . For more detailed understanding of water structure at a hydrophobic interface, however, we need better characterization of the broad band (from ϳ3,000 to 3,750 cm Ϫ1 ) of OH stretch resonances in the sum-frequency vibrational spectrum.
The broad spectrum of OH stretches arises from water molecules hydrogen (H)-bonded with neighbors with continuously varying strength and geometry. In common SFVS, a recorded spectrum describes ͉ S (40, 41) . We report here results of our application of the technique to hydrophobic liquid/water interfaces.
One important question related to hydrophobic material/ water interfaces is whether the interfaces can be charged by ion adsorption from aqueous solutions. Early experiments found that hydrophobic material/water interfaces such as those with oil (42) (43) (44) , Teflon (45) , hydrophobic films on solid substrates (46, 47) , and even vapor (48, 49) were all negatively charged. The negative charge was attributed to the preferential adsorption of hydroxide ions (OH Ϫ ) relative to hydronium ions (H 3 O ϩ ). Recent SFVS measurement on the water/vapor interface, however, suggested that hydronium ions are preferentially adsorbed at the interface (50) (51) (52) . Theoretically, the question whether the hydrophobic material/water interfaces should be positively or negatively charged is also under hot debate (8, 10, 13, (53) (54) (55) . Voth and coworkers first predicted preferential adsorption of hydronium ions at the water/vapor interface (8) , and more recently they have extended the prediction to some other hydrophobic material/water interfaces (18) . This was supported by the work of Jungwirth and coworkers (10, 13) . However, Chang and Dang (5) found that interaction between water and hydrophobic molecules could polar-order the interfacial water molecules with dipoles pointing into water and hence attract negative ions to the interface. Kuldin and Car (55) predicted preferential absorption of hydroxide ions relative to hydronium ions at the graphane/water interface. Knowing that interfacial water structure, particularly the orientation of interfacial water species, can be significantly distorted by surface charging or surface electric field (40, 52, 56) , it is important to settle this question to have better understanding of the properties of hydrophobic interfaces, such as hydrophobic interactions that are essential for membrane function, protein folding (57), and catalytic reactivity (58) . We have used PS-SFVS to investigate the problem. The phase-sensitive measurement allows determination of the sign of surface charges and better estimation of their relative magnitude (40, 52, 56 ). As will be described later, it was found that the hydrophobic material/water interfaces, except the water/vapor interface, are more likely negatively charged. We were also able to measure the adsorption isotherms of OH Ϫ and Cl Ϫ at the water/OTS interface. The isoelectric point (IEP) characterizes the charging property of a water interface. In earlier experiments, the IEPs of most hydrophobic interfaces were found to be around pH ϭ 2-4 (43, 45, 59) . It is surprising that the IEPs appear at such low pH, because it means that the interface is neutral whereas the bulk is highly acidic. The results seem to suggest that the counterions for H ϩ in acidic solution, such as Cl Ϫ and NO 3 Ϫ , are more likely to adsorb at the interface than H ϩ . Highly polarizable ions are known to likely emerge at the vapor/water interface, but small and less polarizable ones such as Na ϩ and Cl Ϫ are not (56, 60, 61) . At hydrocarbon/water interfaces, however, recent molecular dynamics simulation found that Cl Ϫ is also likely to adsorb at the interface, whereas Na ϩ is still repelled from it (62). Our PS-SFVS study has provided evidence of the presence of adsorbed Cl Ϫ at the water/OTS interface and offers an explanation of how adsorption of Cl Ϫ in competition with H ϩ at the water/OTS interface makes the IEP appear at low pH. Fig. 1A displays the ͉ S (2) ( IR )͉ spectra of water at the water/vapor and the water/OTS (monolayer on fused silica) interfaces. They are essentially the same as those reported in the literature (2, 3, 51, 63) . The water/vapor interface can be considered a reference hydrophobic interface, at which the interaction between water molecules and the vapor is zero. It is seen that the stretching frequency of the dangling OH is ϳ20 cm Ϫ1 lower in the water/OTS case than in the water/vapor case. As mentioned earlier, this red shift of dangling O-H band suggests the presence of van der Waals interaction between the dangling OH and OTS at the interface. Theoretical calculation has predicted that with such interaction, the air gap or ''hydrophobic depletion layer'' would essentially disappear (1, 7).
Results and Discussion
As seen in Fig. 1 A, the ''ice-like'' band at ϳ3,200 cm Ϫ1 in the water/OTS spectrum appears much more pronounced than in the water/vapor interface. This was interpreted as attributable to better ordering of interfacial water molecules at the water/OTS interface. (We note that the so-called ''ice-like'' band here, treated as a discrete resonance band, is only an approximation to label the part of the O-H stretch resonances that arises from tetrahedrally bonded water molecules with ice-like symmetric donor-bonding to neighbors.) The interpretation is obviously questionable when we compare the Im S (2) spectra of the two interfaces in Fig. 1B obtained directly from measurement. [They are clearly different from those deduced from fitting of the ͉ S (2) ( IR )͉ 2 spectra and from molecular dynamics simulations (63, 64) .] The positive band in the water/OTS case is much broader and stronger than that in the water/vapor case, and accordingly, the negative band is narrower and weaker. Knowing that the neat water/vapor interface is nearly neutral, the result indicates that the water/OTS interface is negatively charged. This follows a similar interpretation of the spectrum in describing the structure of the water/vapor interface in ref. 56 , which we briefly review below. The water interface is composed of DDA and DAA molecules in the topmost layer and DDAA molecules in the subphase layer. Here, D and A denote donor and acceptor bonds that a water molecule connects to the neighbors, respectively, and the bonds are of various strengths. As discussed in ref. 56 , the dangling OH mode of DAA contributes to the sharp peak at ϳ3,700 cm Ϫ1 , the donor-bonded OHs of DAA and DDA mainly to the 3,450-to 3,650-cm Ϫ1 region, the OHs of the more loosely bonded (l) DDAA to the 3,200-to 3,500-cm Ϫ1 region, and the OHs of the strongly bonded (s) DDAA to the 3,000-to 3,300-cm Ϫ1 region. The surface field created by negative surface charges has little effect on DAA and DDA molecules, but it can reorient a fraction of the DDAA molecules with O-H pointing toward the interface, more readily on l-DDAA and less on s-DDAA. The O-H bonds pointing toward the interface contribute positively to the Im S (2) spectra, and therefore, the broader and stronger positive band in the spectrum of the water/OTS case is an indication of the presence of negative surface charges. We present in Fig. 1B also the spectrum for the water/vapor interface of a 2.1 M NaI solution for comparison. The latter spectrum is known to be affected by the surface field of I Ϫ ions emerging at the interface. It looks similar to that of the water/ OTS interface except that the surface-filed-induced change is not as strong. In the water/OTS case, we expect that the negative charges come from adsorption of OH Ϫ at the interface. We should then be able to vary the surface charges by varying pH of the bulk water.
We show in Fig. 2 a set of ͉ S (2) ( IR )͉ and Im S (2) ( IR ) spectra for the water/OTS interfaces at different bulk pH. The pH was increased from that of neat water by adding NaOH and decreased by adding HCl. We focus here on Im S (2) ( IR ). It is seen that the positive band in the pH ϭ 7.8 spectrum becomes obviously stronger and broader than that of pH 6.0 at the expense of the negative band. It gets further enhanced when pH increases to 11.0. On the other hand, at pH ϭ 2.3, the spectrum is all negative below 3,500 cm Ϫ1 , but a positive shoulder shows up between 3,500 cm Ϫ1 and 3,600 cm Ϫ1 . As in the case of water/vapor interfaces, the spectral change with pH can be understood from variation of surface charges at the water/OTS interface.
Because Na ϩ should be repelled from the interface, and OH Ϫ is the only negative ion present in the aqueous solution at pH Ն6.0, the increasingly strong enhancement of the positive band in Im S (2) ( IR ) with increase of pH above 6.0 is a clear indication of increasing amount of OH Ϫ at the interface. The spectral change can come from the effect of the surface field created by OH Ϫ as well as the surface structural change caused by incorporating OH Ϫ into the interfacial H-bonding network. However, as we shall discuss later, the latter, including possible contribution from the stretch mode of OH Ϫ itself to the spectrum, is not significant. We have found that OH Ϫ also likes to adsorb at water/hexane hydrophobic interfaces. The observed spectra (not shown) indicated that OH Ϫ adsorption at water/hexane interface is comparable to that at the water/OTS interface. Recently, Kuldin and Car (55) attributed the surface affinity of OH Ϫ to the amphiphilic nature of OH Ϫ , of which O can readily form H bonds with neighbors, but H cannot. Interaction of OH Ϫ with the hydrophobic medium was not considered in their calculation, so that adsorption of OH Ϫ at all hydrophobic interfaces would be the same, contrary to what we have observed. At the water/vapor interface, adsorption of OH Ϫ is many orders of magnitude weaker than at the water/OTS interface-only at pH Ͼ13 can one find detectable change attributable to surface OH Ϫ in the spectrum (50) or in optical second-harmonic generation (65) . It seems that OH Ϫ associates much more with hydrocarbons.
For pH Յ6.0, one might expect that H ϩ or H 3 O ϩ would be in excess at the water/OTS interface because, like OH Ϫ , each can be easily incorporated into the H-bonding network. The surface field created by H 3 O ϩ at the interface should tend to reorient DDAA molecules with O-H pointing into the solution, and the bonded OH region of the PS-SFVS spectrum become less positive or even negative. At very low pH, such as 2.3, the Im S (2) ( IR ) spectrum in Fig. 2 appears all negative in the region dominated by DDAA molecules. The origin of the positive shoulder around 3,550 cm Ϫ1 is not clear, but it could arise from distortion of the topmost-layer water structure by incorporation of the surface ions. In the above discussion, however, we have ignored possible adsorption of Cl Ϫ at the interface from the solution. We shall show in the following that adsorption of Cl Ϫ actually does happen, although it can be overwhelmed by adsorption of H 3 O ϩ at sufficiently low pH. Shown in Fig. 3A is a comparison of the Im S (2) ( IR ) spectra of water/OTS interfaces with and without 10 M NaCl in an aqueous solution at pH ϭ 6.0. The spectrum with NaCl has a stronger positive band, indicating a stronger surface field created by more negative surface charges because of adsorption of Cl Ϫ . Taking the difference of the two spectra yields a difference spectrum (displayed in Fig. 3B ) induced by the additional surface field caused by adsorbed Cl Ϫ . This difference spectrum is dominated by a positive band at ϳ3,200 cm Ϫ1 similar in profile to the ice-like band. It is believed that at pH 6.0 the surface field is already so strong as to have reoriented essentially all possible l-DDAA. This is seen in comparing the Im S (2) ( IR ) spectra for the water (pH 6.0)/OTS interface and the water/vapor interface of a 2.1 M NaI solution in Fig. 1B . The latter has an estimate of a few percent of I Ϫ at the interface and the corresponding surface field reorients mainly l-DDAA at the interface (56, 66) . If we assume the strength of the difference spectrum in Fig. 3B is proportional to the incremental surface field, then we can produce spectra for water/OTS interfaces with different amounts of surface charges by simply adding appropriate proportions of the difference spectrum to the spectrum at pH ϭ 6.0. In Fig. 3C , we show such a spectrum in comparison with the spectrum for the water/OTS interface at pH ϭ 7.8. The two spectra are nearly on top of each other. This observation indicates that the difference between spectra of water/OTS interfaces at pH ϭ 6.0 and pH ϭ 7.8 is mainly due to spectral change induced by the surface field created by additional OH Ϫ adsorbed at the interface. It also suggests that contributions to the spectra from other structural changes associated with incorporation of OH Ϫ ions into the interfacial structure are not appreciable. This is in contrast to what was observed at the water/vapor interface (52) . IR and Raman studies of basic solutions (67, 68) and small clusters (69) suggest that the stretch of O-H Ϫ could contribute to the spectrum in the range of ϳ3,600-3,700 cm Ϫ1 , but it could be too weak to be observed because of its low surface density.
With the assumption that the spectral change is proportional to the change of surface charge or surface field, we can vary the bulk concentration of NaCl and NaOH and monitor the corresponding spectral change to obtain adsorption isotherms of Cl Ϫ and OH Ϫ at the water/OTS interface, respectively. The results of our experiment are presented in Fig. 4 . At the low-concentration end, we varied the concentration of Cl Ϫ from 0 to 0.54 ϫ 10
Ϫ6
in mole fraction (0 to 30 M in water), and that of OH Ϫ from ϳ0 to 9 ϫ 10 Ϫ7 in mole fraction (ϳ0 to 50 M in water or pH ϭ 6.0 to 9.7). The observed change of Im S (2) ( IR ) at 3,200 cm Ϫ1 was used to denote the amount of added surface charges caused by adsorbed Cl Ϫ or OH Ϫ at the interface. It was converted to surface coverage of Cl Ϫ or OH Ϫ by normalizing against the estimated saturation value of change as the Cl Ϫ concentration increases above 30 M or the OH Ϫ concentration increases to Ն500 M. Saturation coverage of Cl Ϫ relative to that of OH Ϫ is estimated to be 0.2 from the relative amplitude of Im S (2) ( IR ) for the 30 M Cl Ϫ case to the 500 M OH Ϫ case. The initial slope of surface coverage versus bulk concentration in Fig. 4 is an indication of the initial adsorption probability expressed by exp(-⌬G/k B T), with ⌬G being an effective adsorption energy. We obtain from Fig. 4 ⌬G ϳ Ϫ39.5 kJ/mol for Cl Ϫ and ⌬G ϳ Ϫ45 kJ/mol for OH Ϫ adsorbed at the water/OTS interface. Note that zero surface coverage here refers to the water/OTS interface with bulk pH at 6.0, which is already negatively charged with OH Ϫ . The adsorption energies for Cl Ϫ and OH Ϫ on a water/OTS interface initially without adsorbed ions may be somewhat more negative than what we have deduced. The above analysis is clearly over-simplified, as it is known that ion adsorption at a liquid/solid interface is a highly complex problem (70) . Nevertheless, the qualitative aspect of the results should still be correct. They do clearly indicate that OH Ϫ adsorbs more readily than Cl Ϫ at the water/OTS interface and has higher saturation coverage.
Adsorption of Cl Ϫ at the water/OTS interface can compete with adsorption of H ϩ (or H 3 O ϩ ) when the bulk pH is decreased by adding HCl. Again, the change of Im S (2) ( IR ) at 3,200 cm
Ϫ1
with reference to the pH ϭ 6.0 case can be taken to gage the change of surface charge at the interface. Fig. 5 shows the result of our measurement. As pH decreases from 6.0, the surface charge (represented by the positive amplitude in Fig. 5 ) appears increasingly more negative until it reaches a maximum around pH 4.0-4.5, and then decreases monotonically with the sign switched at pH ϳ 3.0. This observation indicates that with addition of HCl, initially Cl Ϫ must have adsorbed more readily at the interface than H ϩ so that the interface appears more negatively charged when pH first decreases from 6.0. However, Cl Ϫ adsorption saturates around the bulk concentration of 30 M, corresponding to pH ϭ 4.5, but H ϩ adsorption saturates at a higher coverage at much higher bulk concentration or lower (IR) spectrum (squares) at pH ϭ 7.8. The agreement shows that the difference between spectra at pH 6.0 and 7.8 comes mostly from surfacefield-induced spectral change. pH, and it starts to win over adsorption of Cl Ϫ around pH ϭ 4, resulting in decrease of the negative surface charge when pH decreases from 4 and eventually a switch to positive surface charge when pH drops below 3.0. Assuming adsorption of both Cl Ϫ and H ϩ follows simple Langmuir kinetics, in which adsorption energy and saturation coverage of Cl Ϫ have already been deduced and those of H ϩ are taken as adjustable parameters, we can fit the experimental data below pH 5.0 in Fig. 5 very well . From the fit, we can deduce ⌬G ϳ Ϫ28 kJ/mol and a saturation coverage of 0.31 (with reference to the saturation coverage of OH Ϫ , which is taken as 1) for H ϩ adsorption at the water (pH 6.0)/OTS interface. The adsorption isotherms of H ϩ and Cl Ϫ are shown in Fig. 5 Inset.
When the positive band in the Im S (2) ( IR ) spectrum is very weak, the water/OTS interface should be close to the IEP. This happened with the HCl aqueous solution at pH around 3.0-3.2. The low IEP is the result of competitive adsorption among OH Ϫ , Cl Ϫ , and H ϩ . If Cl Ϫ is replaced by other counterions (for example, NO 3 Ϫ , which was also found to adsorb at the water/OTS interface) to H ϩ with different adsorption isotherms in the acidic solution, the IEP certainly will change. Because negative ions preferentially adsorb at the water/OTS interface (and probably also at other hydrophobic interface except the water/vapor interface), the interface can appear as basic (negatively charged) whereas the bulk solution is acidic (pH Ͻ 7). In particular, unlike the water/vapor interface, the neat water/OTS interface is clearly basic.
We note that our spectroscopic result and understanding on the hydrophobic water/OTS interface and its charging effect are quite different from those of the hydrophobic water/CCl 4 and water/alkane interfaces in the literature (35, 36) . For the latter, fitting the ͉ S (2) ( IR )͉ 2 spectra yielded an overall negative resonant band in the 3,000-to 3,500-cm Ϫ1 range of the Im S (2) ( IR )spectra. The pH variation from dissolving HCl and NaOH in water did not have a significant effect in this spectral range (35) , but dissolving NaCl lowered the intensity of ͉ S (2) ( IR )͉ 2 . It was believed that weak interaction between water and CCl 4 at the interface weakened the water-water interaction and polaroriented the interfacial water molecules with dipoles pointing toward bulk water, leading to a more pronounced negative resonance band in the liquid-like region. The polar-ordered interface would then attract Cl Ϫ in the solution to the interface and screen the orientation effect, making Im S (2) ( IR ) less negative and ͉ S (2) ( IR )͉ 2 weaker as observed (38) . Adsorption of H ϩ and OH Ϫ was not considered in the interpretation. It is not clear why water/OTS and water/CCl 4 interfaces can be that different. We hope that we can solve the mystery by repeating the study of water/CCl 4 with PS-SFVS. Recently, Voth and coworkers (18) showed in their numerical calculation that with high acidic solution, hydrated H ϩ exhibits preferential adsorption at water/ vapor, water/CCl 4 , and water/hydrophobic solid (wall) interfaces. They have not investigated neutral and basic water/ hydrophobic material interfaces yet. Clearly, theoretical calculations on how H ϩ , OH Ϫ , and other ions would adsorb at different hydrophobic materials and how they would affect the interfacial water structures are much to be desired. Summary PS-SFVS was used to study the hydrophobic water/OTS interface. Changes in the interfacial water spectrum induced by the surface field of the adsorbed ions allowed us to monitor the presence of excess ions at the interface and measure their adsorption kinetics. Adsorption of H ϩ (or hydronium ions), OH Ϫ , and Cl Ϫ were observed with their adsorption energy and saturation coverage in descending orders of OH Ϫ , Cl Ϫ , H ϩ and OH Ϫ , H ϩ , Cl Ϫ , respectively. The result led to the occurrence of the IEP at pH ϳ 3.0 in an HCl solution. The neat water/OTS interface was found to be not neutral, but basic, because of preferential adsorption of OH Ϫ on it.
Materials and Methods
Sample Preparation. The OTS-covered sample was prepared by self-assembling a monolayer of OTS on an IR-grade fused quartz window following the recipe of ref. 71 . For the aqueous solutions in the study, the proper amount of HCl (Aldrich, ACS reagent, 99.999%), NaOH (Aldrich, 99.99%), or NaCl (Aldrich, 99.5%) as received without further purification was mixed or dissolved in ultrapure distilled water (with resistivity of 18.3 M⍀/cm). For pH between 6 and 9, the samples were prepared in an N2-purged glove-box and then transferred into a sealed Teflon cell with windows.
PS-SFVS.
The PS-SFVS method has been described in refs. 41 
